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ADHESIVE COHESIVE STRENGTH OF A 


ZKV 12 w o Y. NiCrAlY THERMAL HARRIER COATING 

W M U 

by Stanley R. Levine 

Propulsion Laboratory 
U S. A rim R&T Laboratories (AVRAI)COM) 

AHSTRACT 

The room temperature adhesive cohesive strength of a 0.05 cm 
thick Zr0 0 ’ 12 w o Y.,0., 0.013 cm thick NiCrAlY thermal barrier 

Lt M P 

coating system (TDC) was investigated. The weakest link was the oxide 

2 

NiCrAlY interface region with a strength of 0.2 MN m“. The fracture 
was about half cohesive oxide failure, half oxide NiCrAlY adhesive fail- 
ure and 1 percent cohesive NiCrAlY failure. The TBC failed in a similar 
manner in 950° C tensile and compression tests. The oxide stripped 
from the TBC had a cohesive strength of 24.0 MN m . The NiCrAlY 
had a cohesive strength of 25. 1 MN m . The NiCrAlY and oxide failed 
primarily at interparticle boundaries. 
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ZrO., 12 w o Y.,0, NiCrAlY THERMAL HARRIER COATING 

by Stanley R. Levine 
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SUMMARY 

A study ol tin 4 room teni|>eraturo adhesive cohesive strength of a 
0.05 cm thick 7 rO.p 12 \v o Y.,0 , 0.013 cm thick NiCrAlY thermal 
barrier coaling system (TBC) and its coni|>oneiit layers was carried 
out. The as-deposited coatings were cliarai teri/ed to serve as a ref- 
erence condition for I PAX. SEM and metallngraphie studies ot the 
adhesive cohesive strength s|x*cimens Mechanically induced 950° C 
tensile and compressive coating failures were examined to assess the 
propriety of tin* adhesive cohesive strength test. 

The weakest link in the thermal barrier coating was the oxide 

•> 

NiCrAlY interface region with a room teni|)erathre strength of 0 2 MN m“ 

The fracture mode was aliout half cohesive oxide failure, half oxide 

NiCrAlY adhesive failure and 1 percent c ihesive NiCrAlY failure. The 

TBC also failed in 900 to 950° C tensile and compression tests m the 

oxide NiCrAlY interface region. As in the adhesive cohesive strength 

test, the fracture path ran through t he first deposited oxide as well as 

along the oxide NiCrAlY interface. I’he oxide stripped from the TBC 

•> 

had a cohesive* strength of 24.0 MN m“. In all cases the oxide fracture 

path rail primarily along iuterparticlo boundaries. 

The 0.050 cm thick NiCrAlY coating had a cohesive strength of 25. 1 
2 

MN m . The 0.013 cm thick NiCrAlY coating epoxv phut had a strength 
o •> 

of 37 0 MN m (epoxy adhesive cohesive strength 50.3 MN ml. The 

fracture path for NiCrAlY primarily ran along interparticle boundaries. 
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Based on the results of this study the adhesive tohesive strength 
test appears to l>e a useful diagnostic, coating development and quality 
control tool 


INTRODUCTION 

The addition of an insulating coating to the outer airfoil surfaces 
ot cooled turbine blades 01 vanes is an atttrac live approach to extending 
the turbine inlet temperature capability ol gas turbines with i urrent 
generation alloys This approach to the use oi thermal barrier coatings 
(TBC * can give large l>ei Hits in i\< le effii lency The potential benefits 
may also l>e tak* more dire* nv through metal temperature reduction 
and longer life 1 1 

A plasma spray deposited TBC system comprised of a 0 02 to 0 07 
cm 12 w o Y.,0 ^ stabilized Z rO<, outer insulating layer and a 0 008 to 
0.018 cm Ni 10 C i -5 (>Ai 0 6Y inner bold coat has been identified at 
NASA Lewis ( 2 , 3) In c v« lu furnace endurance tests this system was 
superior to similar coatings having C’aO or MgO stabilized Zr0 0 as the 
insulating layer '2' All three coatings successfully survived 500 cycles 
between full power and flame out on the first stage blades of a I 75 test 
stand engine. The success ol this test generated a greal deal <*l interest 
in thermal barrier coatings throughout the gas turbine industry 1.4) 

Among the key steps in the commerc laiizaiion ot any new material 
are met ham* al properly characterization and the development ol quality 
assurance procedures This study of the bond strength of the ZrO« 12 
w o Y.,0,j NiCrAlY TBC system addresses both of these questions 
The primary purpose of this study was to quantitatively determine the 
adhesive or * >hesive strength ol the thermal barrier i >at mg and its 
component layers in the as deposited tondnion at room temperature 
An additional prrpose was to charac teri/e ea* h frac ture as to the extent 
to win h i» was adhesive .i cohesive and intergram lar to irai sgranular 
by metallography, scanning electroi micros' )pv SEM . at d energy 
dispersive anaivs.s of X rays EDAX Finally, the nature «l die coat- 
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ing fracture in this test was compared to mechanically induced H00 to 
D50° C tensile ami compressive coating (allures to assess the relevance 
id the room tem|*erature adhesive cohesive strength test 

KXmmil'N PA l IMUXI’IU'KIS 

I'lie i oa tings sulijected to adhesive cohesive strength testing ;>) 
were 0 013 cm thick and 0 05 cm thick plasma sprayed NiCrAIYs and 
tlu' plasma sprayed THC system <0 050 cm tiiick ZrO., I? w o Y.,0., 

«M k. O 

insulating layer on a 0.013 cm thick NiCrAlY l»ond coat' I'he coatings 
were applied to the degreased and gi lt blasted lace ot IN 7 IS coating 
fixtures as illustrated in figure 1 The nominal ZrO., I ' w o Y.,0., 
contained 11 S w o Y„0. ? and minor element concentrations differing 
slightly from the 12 w o Y.,0.. material used by Stecura 2) I’lte 

M O 

NiCrAlY powder and coating nppluation procedures. plasma spray 
equipment and equipment operator were tin* same as used by Stecura 
The coated fixtures were placed in assembly dies and coated with 

0 005 to 0 010 cm ot aluminum tilled e|ioxy The degreased and grit 
blasted loading fixture and 2 25 kg, compressive load were applied and 
the assemblies, figure 1. were cured for one hour at 150*’ O Alter 
curing the assemble dies were removed Kxcess epoxv was removed 
from the periphery of the joints I’he assemblies were then tensile 
tested and loads to fracture recorded Fpoxy joints alone were also 
tested 

Since the thermal barrier coatings failed close to the oxide bond 
coat interface, the bulk ot the oxide layer and the epoxy transferred to 
the loading fixture essentially m tact New loading fixtures were epoxied 

1 > the transferred oxides so that the hi, Ik oxide could also be tested All 
to-- s were run at least in duplicate 

The failed joints were photographed at 2 magnifu ation One set of 
coaling and loading fixtures for each joint type tested was sectioned 
through the assembly center line and examined metallograplm a 1 lx 
Another set was prepared for SIM and FPAX examination by vacuum de 
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positing a smi.ll quantity of gold on the fracture surfaces SIM and 
FDAX were done on a JFOL SFM at 25 kV. 15° ttlt KDAX was carried 
out m the integral mode with 50 ev channel, a counting time of 100 se» 
onda. and tlie magnification at *00 The as deposited TBC was also 
characterized by metallography. SFM and FDAX to serve as a reference 
condition 


HFSULTS AND DISCUSSION 
As-Deposited Coaling Structure 

A photomicrograph of the thermal harrier boating system deposited 
on IN 718 l*. shown in figure 2 I’he oxide and metallu layers have 
laminated structures typical of plasma sprayed deposits The NiCrAlY 
layer lias some porosity and oxide ini lusions The large uu lusions at 
the NiCrAlY IN 718 interface are Al.,0.^ grit blasting partu les NiCrAlY 
particle boundaries are frequently delineated by oxide films The Zr0 9 
layer has about 10 |x*rcent |x>rosiiy Some of the larger pores are due 
to pullout during nietallograplnc preparation SFM examination revealed 
a surface structure similar to parafin candle drippings for both layers 
(figs 2 b) and (cl). The oxide had a network of coarse and fine cracks 
as can lx* seen from the sequence of photos in figures 2(c) to e) 


Adhesive Cohesive Strength and Failure Mode 

Adhesive cohesive strength data and qualitative comments about the 
type of failure and failure location for each specimen are summarized in 
table I Photomacrographs of each failed joint type are shown in figure 3 
I'poxy The epoxy, figure 3(a), had an average adhesive cohesi.e 
strength of 50. 3 MN m 

NiCrAlY (0 013 cm th >k) This joint, figure 3 « b ) . failed at an 

* - • r ~~ “ “2 

average stress of 37 6 MN m“. The failure was probably of the mixed 
cohesive adhesive type with the fracture path running through both the 
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NiCrAlY and the epoxy and along the interface between them Thus, 
these results do not have the sought after direct meaning in terms ot 
the strength of the NiCrAlY layer of the THC system The failure 
mode is illustrated in figure l The upper and lower halves ot this 
and succeeding similar metallograpluc pairs do not mate along the 
fracture path Figure •*(.»> reveals that the joint failed partialh by 
decohesion ot the NiCrAlY along mterparticle boundaries as can be 
seen at the left, lower half The light plate like material on tin* upper 
half is NiCrAlY transferred to the epoxy The SIM of surface A. tig 
lire l(b'. reveals that the epoxy (dark areas) also lath'd t >hesi\i tv and 
transferred t > the NiCrAlY in some areas 

NiCrAlY (0 030 cm thick) The tracture ot this coating, figure 3tc), 
was essentially entireh cohesive ’he average cohesive strength of the 

o 

NiCrAlY was 23 l MN m“ As can ix' seen from figure 5ta' the NiCrAlY 
failed primarily at mterparticle boundaries along a path close to the 
NiCrAlY IN 718 fixture interface The SIM of surface A. figure 3(b). 
clearly reveals the mtegranular nature of the fracture Areas on this 
fracture surface are similar to certain areas ot the as deposited NiCrAlY 
surface (fig 2(b) > The strength of the 0 013 NiCrAlY epoxv joint dis 
cussed above falls between the measured adhesive cohesive strength ot 
the epoxy and the measured cohesive strength of the 0 050 cm thick 
NiCrAlY 

Thermal Harrier Coating. The 0.03 cm 7 rO., 12 w o Y.,0 . 0 013 

*• » » 

cm NiCrAlY I'HC s\ stem failed in the oxide bond coat interface region 
• fig 3uT) Hie average failure stress was 6 2 MN m" As can be seen 
from figures 8(a) and lb' the fracture path ran through both the oxide and 
along the oxide NiCrAlY interface This region is the weakest link of 
the THC The oxide is the light, tine structured material on surface A 
in figure 0 b). Very l it tit' NiCrAlY adhered to the stripped oxide (upper 
pa it of fig 0(a)) Thus the fracture is ot the mixed cohesive adhesive 
type Figures the' and d' reveal that the oxide fractured primarily m 
an interparticle nnide The dark smooth area at the lower left of these 
figures is NiCrAlY Figure 0(e) is an SFM of surface H of the dripped 
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< tl t oxide I'lu* tT.u k networks and solidified droplet character of sur- 

faces A and B are similar to the features found on the surface of the as- 
sprayed oxide (tigs 2(c) to (e)). 

Z rO., 12 w o Y.,0., rhe stripp'd 0 Of* cm * \ide from the TBC 

•• *< e 

system tailed cohesiveh as ran tv seen from figures 3(e) and 7(a) 

The average cohesive strength was 21 0 MN m*. I’he fracture followed 
a primanlv intergranular path (tins 7(h) and (cl) 


Quantitative Pete emulation ol the Fracture Mode 
of the TBC 

l’he FPAX feature of the SIM was used to quantitatively characterize 
tin' fracture surfaces of the TBC 1’lie FPAX data are summarized in 
table 11 I’lie oxide and NiCrAlY cohesive failure specimens were used 
to establish the THC fracture area calibration graph shown in figure 8(a). 
Surface A. figure 0(a) (adhering NiCrAlY plus oxide), had Ifi to f>3 percent 
t*xith' coverage based on an average analysis from 17 FPAX measure- 
ments 1'he stripped oxide plus adhering NiCrAlY (surface B. fig. 0(a)) 
had only 1 percent NiCrAlY coverage I’lieretore the fracture path was 
approximately T*0 percent oxide cohesive failure. SO percent oxide 
NiCrAIN adhesive failure with about I percent NiCrAlY cohesive failure. 

•1 oi nt strength is plotted against failure mode in figure 8(b) for tile TBC. 
These data indicate that the adhesive strength is either very low and or 
that the hi st deposited oxide layers are substantially weaker than sue 
cessive lave rs 


l levated Temperature Failure Mode 

I’lu' propriety of the room temperature adhesive cohesive strength 
tests carried out in this study is supported by the results of 000 to 0T*0 C 
tensile and compression tests of thermal barrier coated IN 100. As 
can l*e seen from the pholomacrographs in figure 9(a) the coatings failed 
in the vi i nit y of the oxide NiCrAlY interface Metallographic examina- 
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tton ot .1 longitudinal section of tin* tensile specimen (tig t>(ldl reveals 
a true I ure path similar to the path in the adhesive cohesive strength 
tests ot the 1 IK\ that is. through the tirst deposited oxide layers as 
well as alone, the oxide Nic'rAlY interface In the compression test, 
figure ‘.hcl. the fracture path tended to run more In the oxide In lx»th 
tests the oxide tailed primarily m an interparticle mode Fvidence of 
Nil'rAlV failure alone interparticle boundaries is evident In the micro- 
structure ol the tensile test specimen 

Failures ot the HU.' in the victnil\ ot the oxide Nu'rAlY interface 
have also Ivon observed in unreported stress- rupture tests on thermal 
barrier mated gas turbine alloys conducted by the author 


cono uniNi; kimakks 

In both the elevated tempt ratine tests and the room temperature 
adhesive cohesive strength tests, the weakest link In the thermal barrier 
coatings was revealed to be the oxide Ntv'r.MN adhesive bond and the 
cohesive strength ot the tirst deposited oxide layers Hased on these 
observations it appears as though the room temperature adhesive 
mhesive strength test is ot value as a diagnostic, coating development 
ami quality control tool 

Pile low adhesive strength at the oxide NtCrAlY interface and the 
low cohesive strength ot tile first deposited oxide layers may be due to 
the deposition procedure Hie tirst oxide layers are plasma spray de- 
posited on a cold high thermal conductivity substrate and thus suffer 
greater thermal shock than successive layers which are deposited on 
the warm low conductivity oxide (steady state temperature of about 
:'a0° C> Hus suggests that deposition of the oxide on a preheated sub- 
strate mav strengthen the oxide Ntc'rAlY interface region of the thermal 
barrier coating 


L_ 
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SUMMARY OF RKSULTS 

A stud\ of the room tempt* rature adhesive cohesive strength of a 
0 05 cm thick 7rO«* 12 w o Y.^O,, 0.013 cm thick NiCrAlY thermal 

fa w 

barrier coating system BC) and its component layers uas carried 
out rhe as-deposited layers and coating were characterized as a ref- 
erence condition for FDAX. SI M. and metallographic studies of the 
tailed adhesive cohesive strength specimens. Mechanically induced 900 
to 950° C tensile and compressive coating failures were examined to 
assess the propriety of the adhesive cohesive strength test The follow- 
ing results were obtained: 

1 Hu* weakest link in the rBC was the oxide NiCrAlY interface 

O 

region with a strength of 0 2 MN m“. The fracture mode was about 
half cohesive oxide failure, about hall oxide NiCrAlY adhesive failure 
and about 1 percent cohesive NiCrAlY failure. The oxide failed primar- 
ily at interparticle boundaries. 

2 The rBC failed in both the room temperature adhesive cohesive 
strength test and 900 to 950° C tensile and compression tests in the oxide 
NiCrAlY interface region In all cases the fracture path ran through 

the first deposited oxide layers as well as along the oxide NiCrAlY inter- 
lace. 

3. The oxide stripped from the TUC had a cohesive strength of 24.6 

2 

MN m with tin* fracture path running primarily along interparticle 
bounda lies. 

4. The 0.050 cm thick NiCrAlY coating had a cohesive strength of 

•? 

25. 1 MN m*'. The fracture path ran primarily along interparticle 

boundaries A more representative 0 013 cm thick NiCrAlY coating 

2 

had a joint strength oi 37 6 MN m“. However, the fracture consisted 
ot cohesive failure of the NiCrAlY and epoxv (epoxv cohesive strength 
50. 9 MN m 4 ’) and adhesive failure between tin NiCrAlY and epoxy 
Strength was intermediate between the epoxy and 0.050 NiCrAlY joint 
strengths. Again, tin NiCrAlY failed at interparticle boundaries. 
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TABLE I - ADHESIVE COHESIVE STRENGTH DATA 


Joint structure 

Bond coat 
thickness, 
cm 

Oxide 

thickness, 

cm 

Bond 

strength, 

MN/m 2 

Type of failure 

Failure location 

Epoxy 

0 
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Cohesive 
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Adhesive 

Epoxy 

Epoxy 
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NiCrAlY 
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TABLE D. - FIMX ANALYSIS OF THE TBC FRACTURE SURFACES 

I Analyzed Hurfa' tT 1 Metall.r element content, w* f racture areas. 

Si I Crl All Y I Vt I NiCrAlY I 7- rO,’ Y 2 0 3 


Cohesive failure of NiCrAlY 
Cohesive failure of oxide 
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